INTRODUCTION
Leber's hereditary optic neuropathy (LHON; OMIM 535000) is a disease characterized by bilateral progressive vision loss that was first described by German ophthalmologist Theodore Leber in 1871 [1] . Currently, LHON is one of the most common inherited optic neuropathies with a prevalence of 1 in 30,000 [2] . It is diagnosed most frequently in teenage boys and young men (15-35 years old), which account for 80% of new LHON cases, but can occur in individuals of all ages, including children and the elderly [3] , with the age of onset tending to be higher in female individuals (initially, affected patients present with painless visual loss-principally central or centrocecal scotoma-either in both eyes simultaneously (one in four cases) or sequentially with the second eye showing symptoms within 8 weeks of the first (three in four cases)); unilateral LHON is very rare [4] . Disease progression is rapid in the acute phase, with visual acuity being diminished to 2/20 or less within 5-6 weeks of the onset of symptoms [5] . Some spontaneous recovery of vision has been observed, though rarely [6] .
With respect to clinical pathological development, in most cases, fundus examination of LHON-affected eyes reveals several characteristic signs, including circumpapillary telangiectatic microangiopathy, blood vessel tortuosity, and edema of the retinal nerve fiber layer and optic disc [7] . However, some 20-25% of patients with LHON present with a normal-appearing fundus in the acute stage [8] . In the chronic stage, optic atrophy due to the loss of retinal ganglion cells (RGCs) can be observed [9] . However, even with recovery, central visual field defects and dyschromatopsia can be permanent and most patients with LHON end up legally blind [10] .
Etiologically, LHON has been confirmed to be a maternally inherited mitochondrial disorder, though about one in three cases appears to be sporadic with no definitive family history [9] . As elaborated below, point mutations in mitochondrial DNA (mtDNA) genes that encode components of respiratory complex (RC)1 (also known as NADH:ubiquinone oxidoreductase) have been associated with LHON. Loss of fully functioning RC1 leads to reduced ATP production via the mitochondrial electron transport chain and increased oxidative stress in RGCs [11] . This article is based on previously conducted studies and does not contain any studies with animals performed by the author.
MITOCHONDRIAL GENE MUTATIONS AND RGC DYSFUNCTION
The prognosis of patients with LHON tends to differ depending upon the underlying pathogenic mutation involved. All LHONcausing mutations are in mtDNA, and thus identified by their nucleotide positions within mtDNA. The most common LHON-causing mutations are a G-to-A substitution at nucleotide 11778, a G-to-A substitution at nucleotide 3460, and a T-to-C substitution at nucleotide 14484 within the mitochondrial genes ND4, ND1, and ND6 genes, respectively. ND4, ND1, and ND6 encode the NADH dehydrogenase 4, 1, and 6 proteins, respectively, within RC1 of the oxidative phosphorylation chain in mitochondria. These 11778G[A, 3460G[A, and 14484T[C mutations have been reported to be responsible for 50-70%, 8-25%, 10-15% of LHON cases, respectively [12] . Notably, the 11778G[A mutation in ND4 causes the most severe LHON-related visual loss, whereas the 3460G[A mutation has a relatively moderate prognosis [13] .
Because mitochondria are the primary sources of cellular energy, the mitochondrial dysfunction associated with primary mitochondrial diseases, such as LHON, can have severe effects on cell growth and the synthesis of critical biological molecules, such as heme, neurotransmitters, hormones, and even the nucleotide bases that constitute DNA and RNA molecules.
Neurodegeneration, seizures, myopathy, cardiomyopathy, deafness, optic nerve atrophy, and developmental delays are common symptoms of mitochondrial disorders [14] .
Neurons in the retina, especially within the optic disc area, have high numbers of mitochondria. This cellular characteristic makes them particularly sensitive to mitochondrial dysfunction and associated impairment of axonal transport; within the retina, the prelaminar and intralaminar regions have the greatest concentrations of mitochondria [15] . Accordingly, patients with LHON tend to show selective loss of RGCs in the temporo-central portion of the optic disc. Concomitantly, oligodendrocytes insulating the optic nerves become unable to produce sufficient ATP and, as a consequence, exhibit degeneration, shrinkage, chromatin condensation, chromosomal DNA fragmentation, and, ultimately, cell death [16] .
GENE-ENVIRONMENT INTERACTIONS IN LHON
For unknown reasons, LHON penetrance is incomplete among carriers of the mtDNA gene mutations that cause LHON, with only about half of male and about a tenth of female individuals with an offending mutation developing LHON in their lifetimes [17] . It has been suggested that mtDNA-haplogroup background may explain, at least in part, LHON penetrance variance across individuals [18] . However, there are reported cases of identical twin pairs in which one twin had developed LHON whilst the other twin remained unaffected thus far [19] . The existence of such twin discordance together with the incomplete penetrance of LHON among causative mutation carriers in the population suggests that although LHON has a well-defined genetic basis, it is also a multifactorial disease with environmental factors that trigger its pathogenesis in genetically vulnerable individuals [20] .
When surveyed regarding notable life events or exposures that preceded and appeared to trigger vision loss, patients with LHON cited psychological stress, major physical trauma, malnutrition, and chemotherapy [21] . Apart from a singular putative trigger experience, tobacco smoking and alcohol use have been explored as potential environmental factors favoring LHON pathogenesis, with the former producing more convincing and consistent effects than the latter. In particular, binary logistic regression modeling identified heavy smoking (but not light smoking, light drinking, or heavy drinking) as a significant predictor of LHON development. It could be that smokers accumulate additional mtDNA mutations that act additively with the primary LHON-causing mutation, further compromising mitochondrial resilience [22] . However, an aggravating effect of smoking on LHON pathogenesis cannot explain the development of LHON in nonsmokers and young children with limited potential environmental triggers [23] .
Considering gender and smoking together, Kirkman and colleagues [21] found that more than nine-tenths of heavy smoking male LHON mutation carriers developed the disease compared to two-thirds of non-smoking male carriers and only one-third of smoking female carriers. This gender bias may be consequent to a protective effect of having two X chromosomes protecting female individuals from gene variants on the X chromosome that increase susceptibility to LHON pathogenesis [24] .
LHON TREATMENT

Pharmacological Treatment
Whilst there is not yet a curative or high-efficacy treatment for LHON [25] , patients with mitochondrial diseases, including LHON, are commonly prescribed ubiquinone (also known as coenzyme Q10), a component of RC3 [26] . A molecular analogue of ubiquinone with enhanced bioavailability called idebenone has been recommended [27] . Cree and colleagues [28] reported that significant recovery of vision could be achieved, at least temporarily, with idebenone [28] . Subsequently, in a RHODOS (Rescue of Hereditary Optic Disease Outpatient Study) randomized and placebo-controlled, double-blind trial with 85 patients, the group given high-dose idebenone (900 mg) for 24 weeks had better vision than placebo controls without any signs of adverse drug reactions. Patients with early-stage disease appeared to benefit the most [29] . These molecules are thought to counter RC1 deficiency by acting downstream of RC1, effectively bypassing it, to augment ATP production. In conclusion, these studies presented by researchers from all over the world suggest that idebenone treatment, especially in patients with acute LHON, may improve visual recovery [27] [28] [29] [30] .
Gene Therapy
There is optimism that LHON may be cured, prevented, or at least reduced in severity with gene therapies. The goal of gene therapy for LHON, and other mitochondrial diseases, is to rescue mitochondrial function to an extent that is sufficient to at least relieve the symptoms of, if not cure, the target disease by supplementing intact/wild-type alleles of the dysfunctional gene above the clinical threshold for a normal physiological phenotype.
The site of the mutated mtDNA genes underlying LHON, however, is within the mitochondrial inner membrane. The mitochondrial chromosome itself is relatively simple at only 16,569 base pairs long and encoding 13 mRNAs and their associated non-coding promoter regions, as well as 2 rRNAs and 22 tRNAs for local intra-mitochondrial translation. The advantage of the genetic simplicity of mtDNA, however, is countered by its inaccessibility deep within the double-membraned mitochondrion organelle, which, normally, allows the passage of only very small molecules, such as ATP and proteins that are smaller than 10 kDa [31] . The relative impermeability of mitochondria creates an access challenge with well-established gene delivery vectors, such as adenovirus vectors (AVVs).
To deliver a therapeutic gene product to mitochondria, one must first achieve cellular endocytosis, wherein the gene product is taken up by body cells. Secondly, one must avoid destruction by endosomes in the cytoplasm. Finally, in the most challenging problem facing researchers developing mitochondrial gene therapy approaches, one must devise a mechanism by which the gene product is made to cross into the internal space of the mitochondrion. Because nucleic acids are hydrophilic, even very small naked DNA molecules do not cross the mitochondrial membrane unaided. Given these challenges, simple physical methods that can achieve gene transfer from the extracellular space into the intracellular space, such as penetration by hydrodynamic force or bombardment, have poor efficacy for achieving targeted transfer to mitochondria within intact cells [32] .
There are a substantial variety of chemical approaches to mitochondrion-targeted gene delivery, and the approaches continue to evolve as researchers work to improve efficacy and specificity of delivery. Unfortunately, chemical approaches that rely on membrane destabilization to achieve transfer tend to be highly cytotoxic and thus not readily translatable to clinical applications [33] . Thus, there has been substantial development of reduced-cytotoxicity cationic surfactants to carry DNA to and into mitochondria [34, 35] . Most simply, DNA plasmids have been conjugated directly to lipophilic rhodamine carrier molecules [36] . Efforts to improve the mitochondrion-targeting efficiency, carrier stability, and toxicity profiles of DNA carriers are ongoing. Liposome-type DNAcarrying vesicles, most notably vesicles produced from modified forms of dequalinium, have been shown to accumulate in mitochondria [37] [38] [39] [40] . There has been interest in the potential benefits of conjugating liposomes with triphenylphosphonium cation-containing molecules to improve mitochondrion targeting of carriers [41] .
There are several highly promising current lines of research aimed at developing safe and effective biological strategies for reconstituting ND4-deficient mitochondria in RGCs with wildtype ND4, with the long-term goal of producing a cure for LHON. Biological approaches to mtDNA delivery with ever-increasing eloquence are being developed. Some research groups have incorporated mitochondrial targeting signal (MTS) peptide tags used by cells in their strategies to deliver molecules to mitochondria, such as in MTS-conjugated peptide nucleic acid carriers [42] , MTS-conjugated lysine/histidine peptide carriers [43, 44] , and MTS-conjugated AVV carriers [45] . This approach has been reported to provide dramatic protection from RGC loss in animal models. Notably, Yu et al. [46] demonstrated long-term expression of ND4, mutations of which are responsible for most cases of LHON, in mouse cells transfected with human ND4 via an AVV carrier in which the viral capsid VP2 had been modified to include an MTS [46] . Several research groups have worked around the mitochondrion-targeting problem by focusing on getting the ND4 product into mitochondria after expression rather than the whole vector. This approach, known as allotopic expression, is based on the premise that ND4 transcribed in the nucleus will be translated in the cytoplasm and then delivered to mitochondria by way of a translated MTS in the same manner that intrinsic mitochondrial proteins encoded by nuclear genes are delivered to mitochondria. Koilkonda et al. [47] optimized a serotype-2 AVV (AVV2) carrier for intravitreal delivery of wild-type ND4 with the MTS nucleotide sequence from the ATP1 gene and demonstrated efficacy across a variety of experimental systems, including an in vivo mouse model, an in vivo macaque model, and ex vivo human eye model (eyes removed because of cancer). In mice, they were able to achieve allotopic mitochondrial expression of ND4 in 85% of RGCs within a week of injection. Moreover, follow-up imaging, physiological, and histological assessments demonstrated that their gene therapy strategy led to attenuation of experimental LHON model pathogenesis with respect to RGC loss, local ATP production loss, vision loss, and optic nerve atrophy [47] . In primates, they demonstrated that their AAV2-ND4 delivery system was well tolerated. In human eyes, they demonstrated an accumulation of allotopic ND4 protein in the mitochondria of in situ human RGCs [48] .
Employing a similar strategy, Cwerman-Thibault et al. [49] developed an AAV2/2-ND4 delivery system using the MTS from COX10. They demonstrated efficient incorporation of ND4 protein into RC1 of RGCs in 8-week-old rats. Moreover, AAV2/2-ND4-treated LHONmodel rats exhibited attenuated RGC degradation and preservation of visual function [49] .
Following the aforementioned promising results, Feuer and colleagues [50] conducted a phase I safety trial for allotopic AAV2-ND4 gene therapy in human patients who were legally blind due to LHON caused by the 11778G[A ND4 mutation. Of the five patients in the study, one experienced temporary minor adverse effects in the injected eye, including increased intraocular pressure and subconjunctival hemorrhage. No negative outcomes, such as further vision loss or major adverse events, were observed. Ninety days after the procedure, best corrected visual acuity (BCVA) remained unchanged in three patients, but had improved significantly in two patients [50] .
Meanwhile, researchers in the Li laboratory conducted a prospective gene therapy study in nine patients diagnosed with LHON, also due to the 11778G[A ND4 mutation, with no spontaneous improvements in BCVA during the year preceding the study. Nine months after intravitreal injection of AAV2-ND4 with the COX10 MTS, significant improvements in BCVA were observed in six out of nine patients. Interestingly, patients who experienced improved BCVA in the injected eye often experienced some concurrent improvement in the contralateral non-injected eye. They conducted an accompanying experiment in mice to examine this phenomenon of contralateral improvement, the findings of which suggested it may be mediated via inter-communication at the optic chiasm [51] .
In a subsequent 36-month follow-up study of the same nine patients, no adverse outcomes were found in any of the patients. One of the patients underwent the same procedure in the other eye during follow-up, and was thus analyzed separately. Of the remaining eight patients, four experienced a significant improvement in BCVA from baseline to the 36-month follow-up time point. These four patients had a similar age of onset, LHON illness duration, and retinal nerve fiber layer thickness (both at baseline and at the 36-month time point) as the four patients who did not experience a significant improvement in BCVA, indicating that these factors could not explain patient outcomes. Temporary visual field improvements were seen in four out of eight patients, peaking between 3 and 6 months after the treatment, whereas two patients continued to show progressive visual field improvement through the 36-month time point [52] .
Moreover, GenSight Biologics, Paris, France, in three phase 3 studies on LHON demonstrated that rAAV2/2-ND4 is safe and well tolerated 2 years after a single unilateral intravitreal administration. Even so, some patients experienced early improvement on visual acuity, color vision, and contrast sensitivity in the treated eye. The most common adverse events during these studies were mild anterior chamber or vitreous inflammation and moderate intraocular pressure elevation. All ocular side effects were solved with standard therapy and no visual sequelae occurred [53] [54] [55] .
LHON AS A MODEL DISEASE
LHON has become a research model for mitochondrial diseases in general owing to its wellestablished genetic etiology and course of progression. Thus, findings obtained in LHON studies may also be important for other mitochondrial diseases. Additionally, the neural damage that occurs in LHON resembles that in other neurodegenerative conditions, including Parkinson disease and Alzheimer disease, which affect millions of people worldwide. Among neurodegenerative diseases, which are often slowly progressing, LHON has a relatively early onset and unusually rapid progression. These characteristics facilitate its use as a model disease. Hence, ongoing and future studies examining the efficacy of neuroprotective agents and gene therapy for suppressing or reversing LHON are likely to inform research examining other mitochondrial and neurodegenerative diseases.
CONCLUSION AND FUTURE DIRECTIONS
Basic research exploring and developing gene therapy approaches has made substantial progress, bringing us into an era of emergent clinical genetic therapies. Genetic-based diseases of the eyes are an attractive realm within which to develop gene therapy methods owing to their small size and straightforward accessibility. LHON in particular is an attractive target disease for gene therapy because the mutations underlying its pathogenesis are known and its etiology, which is well characterized, involves early onset and rapid progression. Meanwhile, substantial further work is needed to clarify how LHON-causing gene mutations interact with other intrinsic individual biological factors (e.g., gender, haplotype, gene-gene interactions) to determine penetrance and development of the disease in genetically susceptible individuals. Moreover, there is a similar need for continued research aimed at elucidating the environmental factors (e.g., heavy smoking, exposure to toxins, trauma) that trigger phenotypic visual loss in genetically susceptible individuals. A better understanding of how such factors contribute to LHON pathogenesis may provide critical information for preventing LHON, delaying LHON onset, and attenuating LHON severity.
There have been major advances in overcoming the challenge inherent in delivering gene therapy products to mitochondria, and solutions to this accessibility problem that are developed and explored in LHON research can be transferred to other mitochondrial genetic diseases, making LHON a particularly technically useful disease model. MTS tags on gene carrier vectors or appended to the gene being injected for subsequent translation have shown great promise for overcoming the mitochondrion access challenge. Importantly, the data available to date indicate that allotopic expression of ND4 can be achieved safely and can yield clinical improvements in vision. Large multicenter randomized controlled trials are needed to confirm and extend recent encouraging findings in small cohorts.
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